Tanshinone IIA (TIIA) is an active compound that can be isolated from the Chinese herb, Salvia miltiorrhizae Bunge, also known as danshen. Previous studies have demonstrated that TIIA can effectively attenuate bleomycin-induced pulmonary fibrosis in rats. However, it has not been determined whether TIIA can attenuate paraquat (PQ)-induced acute lung injury (ALI). In the present study, the protective effects exhibited by TIIA on PQ-induced ALI, as well as its underlying mechanisms, were investigated using Sprague-Dawley (SD) rats. ALI animal models using rats were established via administration of PQ. Adult male SD rats were randomly divided into three groups: A control group, a PQ group and a PQ + TIIA group. Total cell count, total protein levels and lactic dehydrogenase (LDH) levels in bronchoalveolar lavage fluid (BALF), as well as myeloperoxidase (MPO) activity in lung tissues were determined. Lung histological alterations were also investigated. Angiotensin converting enzyme 2 (ACE2) and Angiotensin 1-7 [Ang-(1-7)] expression levels in the lung were also analyzed. The results demonstrated that administration of PQ induced marked histological alterations, and markedly increased neutrophil infiltration, lung wet/dry weight ratio, total cell count, protein content and LDH levels in BALF. In addition, PQ was revealed to significantly decrease ACE2 and Ang-(1-7) expression levels in lung tissues. However, it was demonstrated that TIIA attenuated these effects. Therefore, the results of the present study suggest that that TIIA may exhibit a therapeutic effect regarding PQ-induced ALI in rats, and that ACE2 and Ang-(1-7) may be involved in the underlying mechanisms of this effect.
Introduction
Acute lung injury (ALI) is a common disease with a high morbidity and mortality rate worldwide (1) (2) . More than 2 million ALI cases caused by chemical poisoning including paraquat are reported annually in China, resulting in over 150,000 deaths (1) . Numerous factors may induce ALI, including pathogens, toxins, infections and autoimmune factors (1) . A number of previous studies have revealed that acute inflammation and oxidative stress are involved in the development of ALI (2) (3) (4) . Numerous animal models of ALI have been established to investigate the pathogenesis of this disease and to develop novel therapeutic treatments (1) (2) (3) (4) .
Paraquat (PQ) is a nonselective bipyridyl herbicide, which is widely used for crop management globally, however, its usage is particularly prevalent in developing countries (5) . PQ is highly toxic to humans and animals when absorbed into the body via ingestion, skin contact or inhalation (5, 6) . When PQ accumulates in the lung, it can induce a systemic inflammatory response (5, 6) , which can subsequently result in severe lung injury, which is predominantly marked by edema, hemorrhage, interstitial inflammation and progressive fibrosis (7, 8) . At present, numerous drugs have been used for the attenuation of the adverse side effects exhibited by patients with PQ-induced lung injury; however, an effective and specific treatment strategy has not yet been established (9) . To develop novel treatments for PQ poisoning, the underlying mechanisms of PQ-induced ALI require further investigation.
It has been well established that the renin-angiotensin system (RAS) serves a role in maintaining the homeostasis of blood pressure and electrolyte balance. However, previous studies have demonstrated that RAS is involved in a number of inflammatory diseases, including cardiovascular, renal and lung diseases (10) (11) (12) . Angiotensin converting enzyme 2 (ACE2), a member of the RAS, suppresses the production of Angiotensin II (Ang-II) by catalyzing the conversion of Ang-II to Angiotensin 1-7 [Ang-(1-7)], and serves an important role in regulation of Ang-II (13) . In addition, previous studies have revealed that Ang-II serves a role in the development of ALI and Ang-II has been demonstrated to be involved in the development of lung fibrosis (14, 15) . Furthermore, studies have also revealed that ACE2-deficient mice suffer from increased aggravation of lung injury compared with wild-type mice, whereas treatment with recombinant ACE2 and Ang-(1-7) was revealed to attenuate associated lung injury (16) . All of these results suggest that ACE2/Ang-(1-7) may have a protective effect against lung injury and may serve as a therapeutic agent for the treatment of lung injury.
TIIA, an active compound in Salvia miltiorrhizae Bunge, also known as danshen, exhibits anti-inflammatory effects and has been used to treat inflammatory diseases such as bleomycin-induced pulmonary fibrosis in rats and LPS-treated acute lung injury in mice (15, 17) . Our previous studies have revealed that treatment with TIIA attenuates lung injury induced by lipopolysaccharide (LPS) and bleomycin (15, 17, 18) , and that ACE2/Ang-(1-7) is involved in the underlying mechanisms associated with the therapeutic effect of TIIA on bleomycin-induced pulmonary fibrosis in rats (15, 17, 18) . The present study aimed to determine whether TIIA exhibits therapeutic effects regarding PQ-induced ALI, and to determine its underlying mechanisms. The results of the present study demonstrated that TIIA attenuated PQ-induced lung injury and indicated that its effects were associated with ACE2/Ang-(1-7).
Materials and methods
Experimental groups. All experiments involving animals were approved by the Animal Care and Use Committee of the Fourth Military Medical University (Xi'an, China) in accordance with the Declaration of the National Institutes of Health Guide for Care and Use of Laboratory Animals (19) . Male Sprague-Dawley rats (n=30; body weight, 250±15 g, aged 9 weeks) obtained from the Animal Center of the Fourth Military Medical University were used in the present study. Rats were housed at a temperature of 22±2˚C with a 12-h light-dark cycle and 21% O 2 , and were fed regular laboratory chow and water ad libitum. A total of 30 rats were randomly divided into 3 groups: Control group (saline-treated group; n=10), PQ group (paraquat-treated group; n=10), and PQ + TIIA group (paraquat and TIIA-treated group; n=10). The rats in the control and PQ groups were intratracheally administered 0.9% saline or PQ (35 mg/kg) on the first day. The rats in PQ + TIIA group were intratracheally administered PQ (35 mg/kg) on the first day, and then administered TIIA (25 mg/kg) daily for a further 3 days (7, 15) . The dose of TIIA administrated was determined in accordance with a previous study (15) . At the termination of drug treatments, all rats were fasted overnight (12 h), anesthetized using 20% urethane (1,000 mg/kg) via intraperitoneal injection and then sacrificed via exsanguination. Lung tissue was then collected for subsequent experiments.
Reagents. Tanshinone IIA (sulfonate; purity of 99%) was purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Kits for determining myeloperoxidase (MPO) activity and LDH were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). An ELISA kit for the detection of Ang-(1-7) (cat. no. E-33102) was purchased from Beijing Chenglin Biotechnology Co., Ltd. (Beijing, China). ACE2 mouse monoclonal antibodies (cat. no. ab108252) were purchased from Abcam (Cambridge, UK). Ang-(1-7) rabbit polyclonal antibodies (cat. no. P3638Rb-r) were purchased from Wuhan EIAab Science Co., Ltd. (Wuhan, China). β-actin (cat. no. YM1110) was purchased from ImmunoWay Biotechnology Co. (Plano, TX, USA). Goat anti-mouse antibody (cat. no. K175622C) and Goat anti-rabbit antibody (cat. no. K166616H) were purchased from OriGene Technologies, Inc. (Beijing, China). The BCA kit was purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Goat serum (cat. no. ZLI-9022) was purchased from OriGene Technologies, Inc. Mouse serum was made in our laboratory.
Wet/dry weight (W/D) ratio. The W/D ratio was used to determine lung water content as well as the severity of ALI. At the end of all experiments, the rats were sacrificed and the lungs were isolated from the thoracic cavity. The middle lobe of the right lung was immediately weighed. Following this, the lobes were incubated in a drying oven at 50˚C for 96 h and weighed again. Following this, the W/D ratio was determined.
MPO activity analysis. MPO is predominantly secreted by neutrophils and can be used to determine neutrophil infiltration as an index of inflammation (20) . Left lungs were obtained from rats, and the MPO activity was determined. Briefly, lung tissues were frozen and homogenized and then treated in accordance with the protocol of the MPO detection kit. Finally, MPO of lung tissues were detected using a spectrophotometer at a wavelength of 460 nm.
Collection of bronchoalveolar lavage fluid (BALF) and determination of total protein levels. BALF in the left lungs of the rats were collected using 5 ml phosphate-balanced saline solution (18) . Collected BALF was centrifuged at 800 x g for 10 min at 4˚C, and the supernatant was collected and stored at -70˚C. Total protein content was determined in accordance with the manufacturer's instructions of the BCA kit (21) .
Determination of total cell count, total protein levels and lactate dehydrogenase (LDH) activity in BALF.
Total cell count in BALF was determined using a hemocytometer. Total protein content in BALF was determined using the bicinchoninic acid protein assay (Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The activity of LDH, an indicator of cell/tissue damage (22) , was determined at a wavelength of 460 nm using an LDH determination kit according to the manufacturer's protocol.
Lung histological analysis. Lung tissues were fixed in 10% formaldehyde for 72 h at 37˚C, embedded in paraffin and then cut into 5-µm-thick sections. Following this, sections were subjected to hematoxylin and eosin (H&E) staining for 30 min and Trichrome Masson's staining for 1 h at room temperature. All sections were investigated using an Olympus BX50 bright field microscope (magnification, x20) equipped with an image analysis program (Image ProPlus, version 6.0; Media Cybernetics, Inc., Rockville, MD, USA).
Immunohistochemical staining analysis. Lung sections (5 µm) were prepared as described above and then deparaffinized, rehydrated and blocked via incubation with 0.3% H 2 O 2 for 30 min at room temperature. Following antigen retrieval performed via treatment with citrate buffer in a microwave for 10 min, the sections were blocked for 1 h with normal goat serum at 37˚C. Following this, the sections were incubated with the ACE2 mouse monoclonal antibodies (1:200) and Ang-(1-7) rabbit polyclonal antibodies (1:200) at 4˚C overnight. Sections were washed using PBS and then incubated goat anti-mouse antibody and goat anti-mouse antibody for 60 min at 37˚C. Chromagen detection was performed for 8 min at room temperature using the 3'3'-diaminobenzidine signal detection method. Negative controls were performed using mouse serum as the primary antibody. Staining was revealed to be positive when deep brown color was observed. All sections were investigated using an Olympus BX50 bright field microscope equipped with an image analysis program (Image ProPlus, version 6.0; Media Cybernetics, Inc.) and the morphological semiquantitative analysis was performed on microscopic images. The integrated optical density was determined for arbitrary areas, and 10 fields of view were investigated per sample (magnification, x20).
Western blot analysis. Rat lung tissues were homogenized in liquid nitrogen and total lysates were then isolated from rat lung tissues using radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, China). Following protein quantitation using a coomassie brilliant blue assay, protein samples (50 µg) were separated via 12% SDS-PAGE and then transferred onto nitrocellulose membranes. Membranes were then blocked using 5% non-fat milk for 1 h at 37˚C and then incubated with mouse monoclonal antibodies against ACE2 (1:400) and β-actin (1:1,000) overnight at 4˚C. β-actin was used as a loading control. The blots were visualized using the ECL Plus reagent (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and then densitometrically analyzed using ImageJ software version 1.37 (National Institutes of Health, Bethesda, MD, USA).
ELISA analysis. Concentrations of Ang-(1-7) in lung tissue were determined using ELISA kits according to the manufacturer's instructions.
Statistical analysis. All data are presented as the mean ± standard deviation of three independent experiments. Statistical analysis was performed using one-way analysis of variance following by the Bonferroni post hoc test, using GraphPad Prism 5.0 software (GraphPad Software Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference. 
Results

TIIA attenuates adverse histopathological effects in lung tissue with PQ-induced ALI.
Results of the histopathological analyses performed via H&E and Masson's staining, using lung sections obtained from the three different experimental groups, are presented in Fig. 1 . The results revealed normal lung tissue structure and clear pulmonary alveoli in the control group. Marked differences in lung histology were demonstrated between the PQ group and PQ + TIIA group. In the PQ group, lung edema, hemorrhage, alveolar septal thickening, influx of inflammatory cells and fibrin deposition were observed. By contrast, similar effects were exhibited by the PQ + TIIA group but to a lesser extent compared with those exhibited by the PQ group, which suggests that TIIA attenuated lung injury.
TIIA attenuates the W/D ratio and neutrophil infiltration in lung tissues following administration of PQ.
To further investigate the effect of TIIA on PQ-induced lung edema, alterations in the lung W/D ratio were determined. The results demonstrated that the W/D ratio was significantly increased in the PQ group compared with the control group ( Fig. 2A) . However, the W/D ratio exhibited by the PQ group was significantly attenuated following treatment with TIIA ( Fig. 2A ). In addition, to investigate neutrophil infiltration in the lungs, MPO activity was determined. PQ administration significantly increased MPO activity in BALF compared with the control group (Fig. 2B) ; however, MPO activity was significantly suppressed in the PQ + TIIA group compared with the PQ group (Fig. 2B) .
TIIA attenuates increased LDH and protein levels, as well as the total cell count, in the BALF of rats with PQ-induced ALI.
Rats treated with PQ exhibited a significant increase in BALF LDH levels compared with the control group (Table I) , whereas this effect was significantly attenuated following treatment with TIIA (Table I ). In addition, the total cell count and total protein levels in BALF were significantly enhanced in the PQ group compared with control group (Table I) ; however, this effect was significantly attenuated following treatment with TIIA (Table I) .
TIIA attenuates the suppressed ACE2 expression in the lung tissues of rats with PQ-induced ALI. Immunohistochemical staining revealed that the expression of ACE2 was significantly decreased in the PQ group compared with the control group, whereas the expression of ACE2 was significantly attenuated following treatment with TIIA compared with the PQ group (Fig. 3A and B ). Furthermore, the protein level of ACE2 was investigated by western blot analysis, the results of which demonstrated that the protein expression levels of ACE2 were significantly suppressed following administration of PQ compared with the control group; however, treatment with TIIA significantly attenuated this effect ( Fig. 4A and B) .
TIIA attenuates decreased expression levels of Ang- (1) (2) (3) (4) (5) (6) (7) in in the lung tissues of rats with PQ-induced ALI. Expression levels of Ang-(1-7) were demonstrated to be significantly suppressed in the PQ group compared with the control group; however, the expression of Ang-(1-7) was significantly increased in the PQ + TIIA group compared with the PQ group ( Fig. 5A and B) . Furthermore, the protein expression levels of Ang-(1-7) were determined by ELISA. The results revealed that Ang-(1-7) expression was significantly decreased following administration of PQ compared with the control group; however, treatment with TIIA significantly attenuated this effect (Fig. 5C ).
Discussion
Small quantities of PQ can be rapidly distributed among numerous organs in the body and cause multiple organ damage (23) . PQ is a strong pneumotoxicant, particularly due to its ability to accumulate in the lung, which is facilitated by alveolar epithelial cells via the polyamine uptake pathway, resulting in ALI (23) . Despite the mechanism underlying the development of lung injury by PQ remaining undetermined, previous studies have demonstrated that oxidative and inflammatory mediators induced by PQ may result in tissue injury (24) . Current treatments for PQ poisoning primarily consist of anti-inflammatory and anti-oxidative treatments for the attenuation of PQ-induced ALI (25, 26) . However, the effectiveness of such treatments has been contested (12, 27) . Therefore, further investigation for a suitable and effective treatment is required to improve therapeutic outcomes for PQ-induced ALI. Danshen is a herbal drug that can be isolated from the dried root or rhizome of Salvia miltiorrhizae Bunge, and has been used clinically for the treatment of cardiovascular disease by improving microcirculation as well as promoting tissue repair and regeneration (15) . TIIA has been demonstrated to be responsible for the majority of therapeutic properties exhibited by Danshen (17) . TIIA can exert a number of biochemical effects, such as anti-oxidant and anti-inflammatory effects. Our previous studies have demonstrated that TIIA can attenuate lung injury induced by LPS and seawater (28) (29) (30) (31) , pulmonary fibrosis induced by bleomycin (15) and hypoxic pulmonary hypertension (32) . As a result, the present study aimed to investigate whether TIIA can attenuate PQ-induced ALI. The pathological results demonstrated that PQ induced alveolar epithelial cell disruption, hemorrhaging, edema, hypoxemia, infiltration of inflammatory cells into the interstitial and alveoli spaces and diffuse alveolar collapse, which is consistent with the results of previous studies (22, 32) . However, TIIA was revealed to markedly attenuate such pathological alterations. Furthermore, PQ was revealed to significantly increase the W/D ratio, protein levels and LDH and MPO activity in BALF. The pathological results suggested that TIIA significantly attenuated these biochemical parameters.
At present, RAS is considered to represent an important factor in the inflammatory response, and Ang-II has been revealed to represent a growth factor involved in the regulation of cell growth and fibrosis, and may also be involved in the regulation of lung injury progression via numerous mechanisms (33, 34) . In addition, ACE2, a member of RAS, functions as a counter-regulator of ACE in the regulation of Ang-II and Ang-(1-7) production (35) . Numerous studies have demonstrated that the ACE2/Ang-(1-7) axis exhibits protective effects in numerous organs by attenuating the pathological effects induced by the overactivation of the ACE/Ang-II axis, including hypertensive cardiac remodeling, liver fibrosis and LPS-induced lung fibrosis (36) (37) (38) (39) . A further study also revealed that ACE2 has a negative regulatory role regarding the severity of lung injury (40) . In our previous study, it was demonstrated that TIIA attenuates bleomycin induced pulmonary fibrosis via modulation of the ACE2/Ang-(1-7) axis in rats (15) . Therefore, a further aim of the present study was to investigate whether the therapeutic effect exhibited by TIIA against PQ-induced ALI is associated with the ACE2/Ang-(1-7) axis. In the present study, the results revealed that PQ significantly suppressed the expression of ACE2/Ang-(1-7); however, treatment with TIIA significantly attenuated the expression levels of ACE2/Ang-(1-7) post-treatment with PQ. Therefore, the results suggest that treatment with TIIA exhibits a therapeutic effect against PQ-induced ALI. In conclusion, the present study investigated the protective effects, and underlying mechanisms of, TIIA associated with PQ-induced ALI using a rat animal model. The results suggest that TIIA serves an important role in PQ-induced ALI, and that the ACE-2/Ang-(1-7) axis is associated with the therapeutic effects exhibited by TIIA. The results of the present study may provide further insight into the underlying mechanisms regarding the therapeutic effect of TIIA on PQ-induced ALI, and improve clinical treatment strategies for patients with PQ-induced ALI. However, the present study did not perform knockdown of ACE2 and Ang-(1-7)/loss of function experiments. The absence of such experiments is a limitation of the present study, and thus should be investigated by future studies.
